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Highlights 
1. HfO2, mixed HfO2-TiO2 with various amount of Ti content and TiO2 thin films were 
deposited using magnetron co-sputtering 
2. The change of the Ti content in mixed oxide had significant impact on the 
properties of deposited coatings 
3. All deposited thin films were well transparent in visible light range 
5. With the increase of Ti content in thin films hardness increased from 4.9 GPa to 
13.7 GPa 
 
 
Abstract 
In this work the properties of hafnium dioxide (HfO2), titanium dioxide (TiO2) and mixed HfO2-
TiO2 thin films with various amount of titanium addition, deposited by magnetron sputtering 
were described. Structural, surface, optical and mechanical properties of deposited coatings 
were analyzed. Based on X-ray diffraction and Raman scattering measuremets it was observed 
that there was a significant influence of titanium concentration in mixed TiO2-HfO2 thin films 
on their microstructure. Increase of Ti content in prepared mixed oxides coatings caused, e.g. a 
decrease of average crystallite size and amorphisation of the coatings. As-deposited hafnia and 
titania thin films exhibited nanocrystalline structure of monoclinic phase and mixed anatase-
rutile phase for HfO2 and TiO2 thin films, respectively. Atomic force microscopy investigations 
showed that the surface of deposited thin films was densely packed, crack-free and composed 
of visible grains. Surface roughness and  the value of water contact angle decreased with the 
increase of Ti content in mixed oxides. Results of optical studies showed that all deposited thin 
films were well transparent in a visible light range. The effect of the change of material 
composition on the cut-off wavelength, refractive index and packing density was also 
investigated. Performed measurements of mechanical properties revealed that hardness and 
Young’s elastic modulus of thin films were dependent on material composition. Hardness of 
thin films increased with an increase of Ti content in thin films, from 4.90 GPa to 13.7 GPa for 
HfO2 and TiO2, respectively. The results of the scratch resistance showed that thin films with 
proper material composition can be used as protective coatings in optical devices. 
 
Keywords: TiO2, HfO2, mixed oxides coatings, microstructure, hardness, scratch resistance, 
optical and surface properties 
 
1. Introduction 
Transition metal oxides, such as hafnium dioxide (HfO2) and titanium dioxide (TiO2) have been 
a subject of intense research in the past few years due to their unique properties. These materials 
are characterized by a good chemical, thermal and mechanical stability, high reactive index and 
high dielectric constant [1-4].  
HfO2 (hafnia) thin films find wide range of applications in optical industry [2] due to their 
relatively wide band gap (Eg~5.5eV), high refractive index (n~2) and high dielectric constant 
(ε~20) [2,3,5]. These coatings are transparent over a wide spectral range, from the ultraviolet 
to mid-infrared up to ca. 12 µm with low optical absorption and dispersion [1,2,6-8]. HfO2 thin 
films are used in optical coating applications, including interference filters, antireflection 
coatings and high reflectivity mirrors [1,2,6,7,9]. Depending on the deposition conditions, 
hafnium dioxide can exist in various polymorphs, i.e. monoclinic, tetragonal and cubic. The 
monoclinic structure (m-HfO2) is thermodynamically stable in ambient conditions of 
temperature and pressure. With the increase of temperature it transforms to tetragonal (t-HfO2, 
≥1722˚C) or cubic (c-HfO2, >2422˚C) structure [2,4,10,11].  
Another transition metal oxide from group IV with wide band gap is TiO2 (titania). Titanium 
dioxide has high refractive index (2.25-2.60), dielectric constant (ε~80-110), transparency in 
visible and near infrared wavelength region.  Additionally, it also exhibits high photocatalytic 
activity [4,8,12-14]. Titanium dioxide can occur in three different polymorphs: anatase, rutile 
and brookite, however only first two are significant in potential application. Anatase is low-
temperature metastable phase and transforms into the highly stable rutile structure above 700˚C 
[4,13]. Due to its aforementioned properties and crystal structure, titania thin films can be used 
in various application fields such as optoelectronics, photocatalysis, solar cells, photovoltaics, 
self-cleaning and antibacterial coatings [4,13,15]. TiO2 with anatase phase can be potentially 
used in self-cleaning, anti-fogging windows or lenses, due to its high photocatalytic activity. In 
turn, rutile exhibits high refractive index and stability and therefore can be used in anti-
reflective coatings [8,13,16].  
Hafnia and titania thin films can be prepared by various methods such as chemical vapor 
deposition, electron beam evaporation, direct current or radio frequency magnetron sputtering, 
arc deposition, atomic layer deposition, sol-gel method etc. [4,8,13,17,18-20]. Hafnia and 
titania thin films can be prepared by various methods such as chemical vapor deposition, 
electron beam evaporation, direct current or radio frequency magnetron sputtering, arc 
deposition, atomic layer deposition, sol-gel method etc. [4,8,13,17,18-20]. Compared to other 
techniques, magnetron sputtering method has many advantages such as e.g. high deposition 
rate, good adhesion, uniformity and suitability for large area deposition (even in the size of 
several squared meters) [14]. This is a method that is widely applied in the industry for the 
deposition of various types of coatings – protective, conducting, optical etc. It allows on 
deposition of single or multilayer coatings. The advantage of sputtering method is also a 
capability to produce thin oxide films with nanocrystalline structure [21]. It was previously 
reported that mixed TiO2-HfO2 oxide thin films can be prepared by sputtering of ceramic HfO2 
and TiO2 targets [22], mosaic target with precisely defined amount of Ti and Hf [23] or by co-
sputtering of pure metallic targets in Ar:O2 gas mixture [24-26]. 
According to the literature [25] addition of TiO2 to HfO2 leads to formation of Hf1-xTixO2 phase 
with a higher dielectric constant than pure HfO2 while maintaining thermal stability with silicon. 
Moreover, HfO2 and TiO2 mixed oxides exhibit remarkable thermal stability [3,27] that is also 
confirmed by binary oxide phase diagram [28]. According to the He et al. [29], HfO2 thin films 
doped with Ti do not increase oxygen vacancies and cause a decrease of the leakage current in 
the film, which is desired in the CMOS devices. Jin et al. [3] showed the influence of deposition 
power on the structure, optical and electrical properties of HfTiOx thin films. The mixed oxide 
films were amorphous and well transparent. Moreover, an increase of the value of band gap, 
refractive index and decrease of extinction coefficient with the rise of deposition power were 
observed. In turn, Lim et al. [30] showed an effect of TiO2 addition on the band structure and 
the quality of microstructure of the HfO2. Their result showed a decrease of the band gap energy 
with increasing concentration of TiO2. In turn, hardness and optical properties of as-deposited 
and annealed  at 800˚C HfTiO4 coatings were studied by Mazur et al. [26]. Thin films prepared 
by magnetron co-sputtering method had nanocrystalline HfTiO4 structure. The as-deposited 
films had 3-times higher hardness as-compared to annealed ones (~3 GPa). Moreover, after 
annealing, coatings were still well transparent, while the values of refractive and extinction 
coefficient were slightly higher.  
In this paper, mixed hafnia and titania thin films were deposited by reactive magnetron  
co-sputtering using multitarget stand. The structural, surface, optical and mechanical properties 
of as-deposited films have been investigated. 
 
2. Experimental details 
Five sets of thin films were deposited by reactive magnetron sputtering method, i.e. HfO2, TiO2 
and three set of mixed HfO2-TiO2 oxides with various material composition. During the 
deposition metallic Hf (99.5%) and Ti (99.99%) targets were co-sputtered for 300 min in 
oxygen atmosphere with the gas flow 36 sccm. The working pressure in the chamber was equal 
to 1·10-2 mbar. Magnetrons were independently powered by 2 kW DPS pulsed DC power 
suppliers with the voltage amplitude up to 1800 V. Mixed oxides were  
co-sputtered from two magnetrons containing hafnium and titanium targets. Various material 
composition of deposited thin films was obtained by changing the deposition power in each 
sputtering process using pulse width modulation (PWM) method. The power delivered to each 
magnetron was controlled by the time-width of the pulses, i.e. to increase the content of hafnium 
in prepared coatings the time-width pulse of magnetron containing Hf target was properly 
extended. Thickness of prepared TiO2 and HfO2 coatings was in the range of 260 – 280 nm, 
while for mixed oxides films it was 360 – 410 nm. Increase of hafnia content in mixed oxide 
thin films resulted in increased thickness of prepared coatings. Thin films were deposited on 
silicon (20×20 mm), fused silica (20×20 mm) and TiAlV (diameter 15 mm) alloy substrates to 
assess their material composition, structural, optical and mechanical properties. The distance 
between the targets and the substrates was 160 mm. Thin films were deposited on silicon, fused 
silica and TiAlV alloy substrates to assess their material composition, structural, optical and 
mechanical properties. 
Material composition of thin films were investigated by FESEM FEI Nova NanoSEM 230 
scanning electron microscope (SEM) with 30 kV of acceleration voltage equipped with EDAX 
Genesis energy dispersive spectrometer. Structural properties were determined based on the 
results of the X-Ray Diffraction (XRD) method. For the measurements, PANalytical Empyrean 
PIXel3D powder diffractometer with Cu Kα X-ray (1.5406 Å) was used. The correction for the 
broadening of the XRD instrument was accounted and the crystallite sizes were calculated using 
Scherrer’s equation [31]. Raman spectra were measured using a Thermo Scientific DXR™ 
Raman Microscope instrument equipped with a CCD camera detector. The spectra were 
recorded in the range from 70 to 1000 cm-1 with a resolution of < 1 cm-1 and the spot size had 
a diameter of ca. 1.8 μm. The excitation source was a 455 nm blue laser diode at a power of 8 
mW. 10 scans were performed for each sample with the exposure time of 90 s. 
Analysis of the surface properties of deposited coatings was performed using Bruker by atomic 
force microscope (AFM) working in a contact mode [32,33]. For the analysis of the AFM 
images a WSxM ver.5.0 software was used [34]. Wettability of prepared thin films was assessed 
by measurements performed with the use of Attension Theta Lite optical tensiometer. Contact 
angle was assessed using deionized water, ethylene glycol and ethanol. Measurements were 
performed according to the sessile drop method [35]. The surface free energy of the investigated 
thin films was determined using geometric and harmonic approaches. In the geometric mean 
approach, values were determined using Owens and Wendt equations, while in the harmonic 
are based on Wu equations [36,37]. 
Optical properties were evaluated based on transmission and reflection measurements carried 
out in the range of 350-1000 nm, at 30˚ angle of incident light, for S and P polarization, using 
Aquila nkd-8000 spectrophotometer. Based on obtained results refractive index (n) of prepared 
coatings was determined. Measurements of as-deposited thin films were completed by 
evaluation of fundamental absorption edge (λcut-off) and optical band gap energy (Eg). For this 
purpose the experimental system was consisted of an Ocean Optics QE 65000 
spectrophotometer and a coupled deuterium-halogen light source.  
The micro-mechanical properties of the thin films, such as hardness and Young’s modulus, 
were measured using the CSM Instrument nanoindenter equipped with Vickers diamond 
indenter. Hardness and Young’s modulus were calculated using the method proposed by Oliver 
and Pharr [38,39] with Poisson ratio of 0.3. Each data point represents an average of five 
indentations. A number of measurements were carried out for various depths of 
nanoindentation. In order to precisely measure the “film-only” properties and minimize the 
impact of the substrate, a method of nanoindentation measurement approximation was 
implemented [40-42].  
Abrasion resistance of the prepared coatings was investigated using the Summers Optical’s 
Lens Coating Hardness Test Kit. Steel wool test was carried out and consisted of rubbing the 
surface of prepared thin films for 75 cycles with 0 grade steel wool pad using applied load of 
1.0 N. The abrasion resistance test was made for the transparent metal oxide coatings according 
to the well acknowledged standard [43] and literature reports (e.g. [41,44,45]). Surface of 
transparent oxide thin films was examined for scratch resistance by optical microscope 
Olympus BX51 working in reflected light mode. Additionally, three-dimensional images of 
coating surface before and after scratch tests were obtained with the aid of TalySurf CCI Lite 
Taylor Hobson optical profiler. 
 
3. Results and discussion 
Five sets of hafnia (HfO2), titania (TiO2) and mixed HfO2-TiO2 thin films with various 
amount of titanium addition were prepared using magnetron sputtering method. The titanium 
content in mixed oxides was estimated to 17, 28 and 45 at. %. Taking into consideration that 
deposited thin films were sputtered in pure oxygen plasma it can be assumed that they were 
fully oxidized and stoichiometric. The XRD patterns for deposited thin films are shown in Fig. 
1. As-deposited HfO2 thin film exhibited nanocrystalline structure of monoclinic phase with an 
average crystallites size of ca. 10.7 nm. Thin films with 17 and 28 at. % of titanium exhibited 
smaller crystallites, of 6.7 and 7.4 nm, respectively. However, increase of the titanium 
concentration to 45 at. % in the prepared mixed HfO2-TiO2 thin films resulted in broad, 
amorphous-like pattern without visible peaks. In the case of TiO2, XRD measurements revealed 
a trace amount of fine crystallites related to the rutile phase with an average crystallites size of 
ca. 10.6 nm. XRD measurements of as-deposited HfO2 thin film, revealed a considerable shift 
of the diffraction peaks towards lower angle (2θ), which indicates presence of a tensile stress. 
Negligible tensile stress was also occurred in the thin film that contain 17 at. % of Ti, while for 
coating with 28 at. % of Ti compressed stress was observed. For TiO2 tensile stress was again 
observed.  
 
Raman scattering method was used for further microstructure analysis of deposited thin 
films. The Raman spectrum of the monoclinic HfO2 are shown in Fig. 2, which demonstrates 
resonant Raman peaks. Peaks observed at 133, 147, 257, 267, 321, 500 and 675 cm-1 can be 
assigned to the Ag modes, while peaks found at 167, 242, 334 cm
-1 corresponds to the Bg modes 
of monoclinic HfO2 phase, respectively [46,47]. In Fig. 6 a comparison of Raman spectra of 
prepared mixed HfO2-TiO2 thin films with different amount of Ti is presented. The increase of 
titanium content in mixed oxides coatings resulted in the weakening and broadening of Raman 
lines that may testify about less crystallized microstructure and more amorphous character of 
the coatings. The Raman spectrum for (Hf0.55Ti0.45)Ox coating indicates that as-deposited thin 
film was amorphous since no peaks related to crystalline structure were visible. Such results 
confirmed measurements carried out with the use of XRD method. In turn, strong and sharp 
peaks were observed for titanium dioxide thin films, which can indicate that this coating had 
well crystallized structure. Microstructure properties measurements revealed that the increase 
of titanium amount in the mixed TiO2-HfO2 thin films resulted in a hindering of crystal growth 
of deposited thin films. Such amorphisation could be caused by the large mismatch between the 
unit cell volume of hafnia and titania, which in turn could also cause an incorporation of a large 
number of lattice imperfections and defects to thin films [48].  
Titanium dioxide can occur in three different phases: brookite, anatase and rutile. 
Brookite has orthorhombic crystal structure and 36 Raman active modes 
(9A1g+9B1g+9B2g+9B3g) can be distinguished for its crystal system [49]. While anatase and 
rutile are tetragonal and have six and four Raman active modes, respectively. Rutile Raman 
active modes occur at ca. 143 cm−1 (B1g), 447 cm
−1 (Eg), 612 cm
−1 (A1g) and 826 cm
−1 (B2g) 
[49]. Also a peak at ca. 244 cm−1 can occur in the spectrum and it is attributed to the multi-
photon process or disorder effects [50]. Anatase has six Raman active modes occur at ca. 515 
cm−1 (A1g), 400 and 519 cm
−1 (2B1g), 144 cm
−1, 197 cm−1 and 640 cm−1 (3Eg) [50]. The peaks 
in the inset of Fig. 2 of as-deposited titanium dioxide are in good agreement with the mentioned 
reference values for both, anatase and rutile phases. Therefore, this indicates that deposited thin 
film had mixed anatase-rutile phase. Strong peak of nanocrystalline anatase was observed at 
147 cm−1 for the 3Eg mode. The modes at 398 cm
−1 (2B1g), 517 cm
−1 (2B1g) and 636 cm
−1 (3Eg) 
were considerably less intense. The modes at 446 cm−1 (Eg), 614 cm
−1 (A1g) and 821 cm
−1 (B2g) 
are characteristic for rutile phase. Raman compound vibration peak at 240 cm−1 related to the 
multi-photon process is considered as a characteristic one for rutile [51]. It is worth emphasizing 
that XRD studies did not show any peaks related to anatase phase in TiO2 coating. These 
observations suggest that Raman scattering method used for structural analysis is very sensitive 
to crystallinity and microstructure of thin films and revealed new information about a structure 
of as-deposited TiO2 coating. 
 
AFM measurements were performed in order to extend the information regarding the 
surface topography of the as-prepared thin films. The three-dimensional AFM images are 
shown in Fig. 3a-e. The cross-section topography of the surface (marked by green lines in Fig. 
3a-e) of prepared thin films are shown in Fig. 3f. In the case of the HfO2 thin film, the surface 
was crack-free, densely packed and composed of visible particles, whose maximum height was 
ca. 15 nm. The particles diameter after addition of 17 at.% and 28 at.% to the hafnia thin films 
are similar to the HfO2 thin films, while their maximum height decreased to the ca. 13 nm and 
10 nm for (Hf0.83Ti0.17)Ox and (Hf0.72Ti0.28)Ox thin films, respectively. Further increase of the 
Ti amount resulted in a decay of the particles. Surface of (Hf0.55Ti0.45)Ox was not composed 
from particles, had a maximum height of 1.3 nm and was the smoothest as-compared to the rest 
thin films. In the case of undoped TiO2 thin film its surface was the roughest and the maximum 
height of the particles was equal to ca. 19 nm. The height distribution of as-prepared coatings 
are presented in Fig. 3a-e as insets in AFM surface images. In all cases results showed a 
symmetric height distribution of particles in the samples which can testify about good 
homogeneity of the surface. The calculated root mean square (RMS) surface roughness was 
found to be equal to ca. 2.6 nm for HfO2 and gradually decreased with the increase of Ti content 
in the films to ca. 0.2 nm for (Hf0.55Ti0.45)Ox coating. Titanium dioxide thin film had the highest 
value of RMS equal to ca. 3.4 nm. Surface cross-section (Fig. 3f) confirmed that with the 
increase of the Ti amount the roughness of thin films decreased, except TiO2 coating.  
 
The analysis of the surface properties of prepared thin films was completed by 
measurements of wettability and surface free energy. HfO2 thin films were hydrophobic due to 
the water contact angle equal to ca 94.5˚±1.4˚. The hydrophobicity of as-deposited hafnia thin 
film decreased with an increase of the titanium concentration in thin films (Fig. 4a). The water 
contact angle was equal to 88.1˚±1.7˚, 75.8˚±2.7˚, 70.6˚±2.2˚ for samples containing 17, 28 and 
45 at.% of Ti, respectively. In turn, the value of water contact angle for TiO2 coating slightly 
increased as-compared to (Hf0.55Ti0.45)Ox and was equal to 74.6˚±1.7˚. Therefore, TiO2 and 
mixed TiO2-HfO2 thin films were considered as hydrophilic. The same tendency was observed 
for the values obtained for ethylene glycol measurements. In the case of measurements 
performed with ethanol, contact angles had the smallest values due to the lowest surface tension 
of used liquids. Ethanol contact angle for all prepared thin films was similar and in the range 
from ca. 13° to 19°. The results of geometric and harmonic surface free energy (Fig. 4b), 
confirmed contact angle measurement results, i.e. with the increase of contact angle value the 
surface free energy decreased. The contact angle and surface free energy measurements results 
are summarized in Table 1. 
 
Optical properties of deposited thin films were determined based on transmittance (Tλ) 
and reflectance (Rλ) measurements obtained for S and P polarization and 30˚ of light incidence. 
Results of these measurements of prepared thin films are presented in Fig. 5a-e. As-deposited 
samples were transparent in visible wavelength range with the transmittance of approximately 
80% for HfO2 and HfO2-TiO2 mixed coatings. In turn, average transmittance for TiO2 thin film 
was equal to ca. 70-75% and the visible interferences had the highest amplitude, which could 
testify about high refractive index of this coating. 
 
The results of fundamental absorption edge (λcut-off) measurements and the dependence 
of optical band gap energy (Eg) and λcut-off  on Ti atomic content are compared and presented in 
Fig. 6. In the case of as-deposited thin films, the cut-off wavelength for undoped HfO2 was 
equal to 155 nm, while addition of 17 at. % Ti significantly shifted it towards longer wavelength 
of 277 nm. Further increase of the titanium to 28 at. % and 45 at. % in the thin films caused an 
increase of cut-off wavelength to 298 nm and 310 nm, respectively. For the titanium dioxide 
coating, the λcut-off  is equal to 344 nm. The optical band gap energy was determined from Tauc 
plots for indirect transitions (αhν)1/2 in the function of photon energy (eV). For HfO2 thin film 
Eg was equal to 6.08 eV. The addition of titanium to undoped hafnia coatings caused significant 
decrease of the optical band gap energy reaching the values from 3.41 eV to 3.36 eV for 
(Hf0.83Ti0.17)Ox and (Hf0.55Ti0.45)Ox thin films, respectively. The lowest value of Eg was 
obtained for TiO2 thin film and it was two times lower, as-compared to undoped HfO2. Fig. 6c 
also presents dependence of refractive index and packing density on Ti atomic content. For 
calculation of refractive index (n) dispersion curves the reverse engineering method was used 
with the aid of SCOUT software. It was found that the values of the refractive index are 
dependent on the Ti content in the thin films. The refractive index for as-deposited coatings 
increased from 1.81 to 2.41 for HfO2 and TiO2, respectively. Values of n for mixed TiO2-HfO2 
thin films are in the range from 1.86 for (Hf0.83Ti0.17)Ox and (Hf0.72Ti0.28)Ox to 1.97 for 
(Hf0.55Ti0.45)Ox thin films. 
The packing density (PD) of a film is directly related to its refractive index and it is defined as 
the ratio of the average film density (ρf) and the bulk density (ρb) according to the Eq. (3) 
[48,52]: 
PD = ρf/ρb     (3) 
In turn, the correlation between the film refractive index (n) and its packing density can be 
expressed by the Eq. (4): 
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where: nf – refractive index of the thin films at 550 nm, nb – refractive index of the bulk 
materials at 550 nm. 
The dependence of n and PD on Ti atomic content showed that the lowest value of the 
refractive index and packing density was obtained for (Hf0.72Ti0.28)Ox thin film, while titania 
film exhibits the highest n and PD. For HfO2 and mixed TiO2-HfO2 coatings, packing densities 
were very similar. 
 Mechanical properties were evaluated by nanoindentation measurements. Material 
composition affected the hardness and Young’s modulus of deposited thin films. Fig. 7a-e 
shows results of hardness measurements of deposited thin films. The results of nanoindentation 
have shown that hardness of as-deposited nanocrystalline hafnium dioxide thin film was equal 
to 4.90 GPa . An increase of Ti content in mixed oxides HfO2-TiO2 films caused gradual, but 
small increase of hardness up to ca. 6 GPa for Hf0.55Ti0.45Ox coating. Moreover, a hardness of 
titanium dioxide was equal to 13.7 GPa, which was the highest value among all investigated 
coatings. Due to Lin et al. [53] and Kulikovsky et al. [17],  the larger amount of rutile phase in 
the TiO2 film, the higher hardness values of the TiO2 films can be reached. Taking into 
consideration that as-deposited TiO2 thin films had in fact mixed anatase-rutile phase, obtained 
hardness was rather high as-compared to pure anatase (~5.0 GPa) or rutile (~16.0 GPa) [42,54]. 
 
 Fig. 8. shows dependence of hardness and Young’s elastic modulus on Ti atomic 
content. Elastic modulus of HfO2 and TiO2 thin films were equal 139.4 GPa and 126.1 GPa, 
respectively. The increase of Ti content in hafnia thin films caused a significant decrease of the 
Young’s modulus value. The value of elastic modulus for mixed oxides was almost the same 
for all coatings and equal to ca. 100.7 - 104.2 GPa. 
 
 The H3/E2 value provides information on the resistance of materials to plastic 
deformation of coatings [55,56]. This equation shows that the contact loads needed to induce 
plasticity are higher in materials with larger values of H3/E2, i.e., the likelihood of plastic 
deformation is reduced in materials with high hardness and low modulus, with H3/E2 being the 
controlling material parameter [55]. The values of the plastic resistance parameter H3/E2 for the 
prepared thin films are included in Table 2. The highest value of H3/E2 was equal to 0.162 for 
the as-deposited TiO2 thin films, compared to the HfO2 thin films, which was the lowest and 
equal to 0.006. The results have shown that an increase of Ti content in mixed HfO2-TiO2 oxides 
films, caused gradual increase of plastic resistance parameter from 0.012 up to ca. 0.017-0.019 
for (Hf0.83Ti0.17)Ox and (Hf0.55Ti0.45)Ox coatings, respectively. 
 
In the case of deposited mixed oxide thin film with possible application in optical or 
optoelectronic devices their tribological properties are crucial. For this reason investigation of 
scratch resistance was also carried out. The three-dimensional profiles Fig. 9a-e showed that 
the surface of all prepared thin films before the scratch test were homogenous with low 
roughness of ca. 1 nm. After the steel wool test had been performed, the surface roughness 
increased in each case. For HfO2 thin film surface roughness was equal to 0.86 nm before 
scratch test, while after performing steel wool test it increased to 2 nm. In the case of 
(Hf0.83Ti0.17)Ox and (Hf0.72Ti0.28)Ox  thin films, the surface roughness increased significantly to 
48.6 nm and 62.2 nm, respectively. Moreover, the maximum height of surface topographies 
increased considerably for (Hf0.83Ti0.17)Ox and (Hf0.72Ti0.28)Ox coatings. These changes in 
surface topographies of mixed oxides thin films were caused by deep scratches. Mixed oxide 
coating with the largest amount of titania had surface roughness equal to 2.2 nm after scratch 
test. For as-deposited TiO2 thin films, before and after steel wool test the roughness was very 
similar and equal to ca. 1 nm. The evaluation of films surface was also performed with an 
optical microscope and shown at the top of 3D surface profiles in Fig. 9. The results of 
microscope observations showed negligible traces of scratches, which were visible on the as-
deposited HfO2 and TiO2 thin films and coating with the highest amount of Ti. However, 
significant scratches and damages were clearly visible in the images obtained for thin films with 
at. 17% and 28% of Ti content. These results showed that as-deposited coatings such as HfO2, 
TiO2 and also mixed oxide coating with 45 at.% of Ti can be used as protective coatings in 
optical devices. 
 
4. Conclusions 
In this paper HfO2, mixed HfO2-TiO2 with various amount of Ti content and TiO2 
coatings were deposited using magnetron co-sputtering. The change of the titanium content in 
mixed oxide thin films resulted in modification of structural, surface, optical and mechanical 
properties.  
In the case of structural properties, XRD studies revealed that except amorphous 
(Hf0.55Ti0.45)Ox thin film, all of the deposited coatings were nanocrystalline. As-deposited HfO2  
and TiO2 thin films exhibited, monoclinic and rutile phase with the crystallites size of ca. 10.7 
nm and 10.6 nm, respectively. Mixed oxides thin films had HfO2-monoclinic phase with smaller 
crystallites size, of ca. 6.7 nm and 7.4 nm, for 17 at.% and 28 at.%, respectively. Raman 
scattering method confirmed growth of the amorphous phase with the increase Ti content. 
However, the peaks of TiO2 thin film indicated that deposited thin film had mixed anatase-rutile 
phase.  
The surface of prepared thin films, except (Hf0.55Ti0.45)Ox coating, was crack-free, 
densely packed and composed of visible grains. Root mean square surface roughness results 
showed that with the increase of Ti amount, the roughness of thin films gradually decreased, 
except undoped TiO2 coating. In the case of contact angle measurements, results showed that 
the hydrophobicity of undoped HfO2 film decreased after addition of titanium to as-deposited 
hafnia thin film.  
Optical properties changed significantly with the material composition of each thin film. 
All deposited coatings were well transparent in the visible wavelength range with the 
transmittance equal up to 80%. The cut-off wavelength and refractive index increased with the 
increase Ti content, while the optical band gap decreased. The highest value of packing density 
was obtained for TiO2 thin film, while (Hf0.55Ti0.45)Ox coating exhibits the lowest value of PD.  
Nanoindentation measurements results showed that hardness of prepared thin films 
increased with an increase of Ti content. The highest value of hardness was obtained for TiO2 
thin film and was over two times higher than for HfO2 and mixed oxides thin films. The results 
of plastic resistance parameter H3/E2 showed that increase of amount Ti addition, caused 
gradual increase of plastic resistance parameter from 0.006 to 0.019 for mixed oxides films, 
while the highest value was equal 0.162 for undoped TiO2. The scratch resistance results 
showed that before scratch test all prepared thin films were homogenous with low roughness of 
ca. 1 nm, while after steel wool test surface roughness increased in each case. The results after 
steel wool test exhibited that as-deposited coatings HfO2, TiO2 and with the highest 
concentration of Ti can be used as protective coatings. 
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 Fig. 1. XRD measurements results of prepared oxide thin films 
 
 
Fig. 2. Raman spectra of the as-prepared HfO2, TiO2 and mixed HfO2-TiO2 thin films 
 
 Fig. 3. AFM images with height distribution of particles size in Z direction of: a) HfO2, 
b) (Hf0.83Ti0.17)Ox, c) (Hf0.72Ti0.28)Ox, d) (Hf0.55Ti0.45)Ox, e) TiO2 thin films and f) surface 
cross-section topography of the as-prepared coatings 
 
 
Fig. 4. Dependence of: a) water contact angle and b) surface free energy on Ti atomic content 
 
 Fig. 5. Transmittance and reflectance spectra taken for S and P polarization of 30º of light 
incidence for: a) HfO2, b) (Hf0.83Ti0.17)Ox, c) (Hf0.72Ti0.28)Ox, d) (Hf0.55Ti0.45)Ox and e) TiO2 
thin films 
 
 
Fig. 6. Results of optical investigations of prepared thin films: a) transmittance spectra in the 
range from 150 nm to 500 nm for the purpose of fundamental absorption edge (λcut-off) 
determination and dependence of: b) optical band gap energy and λcut-off; c) refractive index 
and packing density on titanium content  
 
 Fig. 7. Results of hardness measurements of: a) HfO2, b) (Hf0.83Ti0.17)Ox, c) (Hf0.72Ti0.28)Ox, 
d) (Hf0.55Ti0.45)Ox and e) TiO2 thin films 
 
Fig. 8. Dependence of hardness and Young’s elastic modulus on Ti atomic content 
  
 Fig. 9. Results of surface geometry measurements of: a) HfO2, b) (Hf0.83Ti0.17)Ox,  
c) (Hf0.72Ti0.28)Ox, d) (Hf0.55Ti0.45)Ox and e) TiO2 thin films before and after scratch tests 
 
Fig. 10. Results of root mean square roughness (Sq) measurements before and after scratch 
test  
Table. 1. Results of critical surface tension and surface free energy investigations prepared 
oxide thin films 
Thin film 
Contact angle (˚) Surface free energy (mN/m) 
w
a
te
r
 
et
h
y
le
n
e 
g
ly
co
l 
et
h
a
n
o
l 
Geometric Harmonic 
d p t d p t 
HfO2 94.5 71.0 15.6 18.3 3.7 22.0 14.8 9.3 24.1 
(Hf0.83Ti0.17)Ox 88.1 66.0 18.9 15.4 7.5 22.9 13.8 12.9 26.7 
(Hf0.72Ti0.28)Ox 75.8 64.8 14.3 9.5 18.4 27.9 11.4 20.8 32.2 
(Hf0.55Ti0.45)Ox 70.6 55.0 19.4 8.7 23.8 32.5 12.3 23.8 36.1 
TiO2 74.6 61.0 12.9 9.8 19.2 29.0 12.0 21.2 33.2 
Designations: d – dispersive component, p – polar component, t – total value of 
surface free energy 
 
 
Table. 2. Results of hardness and Young’s elastic modulus of prepared oxide thin films 
Thin film Ti content 
(at. %) 
H (GPa) E (GPa) H3/E2 
HfO2 0 4.9 139.4 0.006 
(Hf0.83Ti0.17)Ox 17 5.0 100.7 0.012 
(Hf0.72Ti0.28)Ox 28 5.6 102.5 0.017 
(Hf0.55Ti0.45)Ox 45 5.9 104.2 0.019 
TiO2 100 13.7 126.1 0.162 
 
